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SynGAP: a Synaptic RasGAP that Associates
with the PSD-95/SAP90 Protein Family
beneath the postsynaptic membrane, is notably promi-
nent in excitatory synapses (Kennedy, 1997), and con-
tains cytoskeletal proteins such as fodrin, actin, and
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tubulin (Kelly and Cotman, 1978; Carlin et al., 1983),Howard Hughes Medical Institute
membrane proteins like NMDA receptor subunits (MoonJohns Hopkins University School of Medicine
et al., 1994), and signal transduction molecules such asBaltimore, Maryland 21205
the Ca21/calmodulin-dependent kinase CaMKII (Ken-
nedy et al., 1983; Kelly et al., 1984).
The PSD-95/SAP90 protein family all have a similarSummary
structure with three tandem PDZ (PSD-95, DLG, ZO-1)
domains, an SH3 domain, and an inactive yeast guanyl-The PSD-95/SAP90 family of proteins has recently
ate kinase domain (GK) (Kennedy, 1995; Gomperts,been implicated in the organization of synaptic struc-
1996; Sheng, 1996). PDZ domains are motifs of z90ture. Here, we describe the isolation of a novel Ras-
amino acids that have recently been recognizedto medi-GTPase activating protein, SynGAP, that interacts with
ate protein±protein interactions. Studies using the yeastthe PDZ domains of PSD-95 and SAP102 in vitro and
two-hybrid system (Fields and Song, 1989) first revealedin vivo. SynGAP is selectively expressed in brain and
that the PDZ domains of PSD-95 specifically bind to theis highly enriched at excitatory synapses, where it is
C termini of the NR2 subunits of the NMDA receptorpresent in a large macromolecular complex with PSD-
(Kornau et al., 1995) and the Shaker-type K1 channels95 and the NMDA receptor. SynGAP stimulates the
(Kim et al., 1995). The last three amino acids of theGTPase activity of Ras, suggesting that it negatively
C termini of the NMDA receptor subunits and the K1regulates Ras activity at excitatory synapses. Ras sig-
channels defined a consensus motif (T/SXV) that hasnaling at the postsynaptic membrane may be involved
been found to be necessary for binding to the PDZin the modulation of excitatory synaptic transmission
domains. The interaction of PDZ domains with the C-ter-by NMDA receptors and neurotrophins. These results
minal domains of membrane-associated proteins seemsindicate that SynGAP may play an important role in
to be a generalized phenomenon; for example, proteinsthe modulation of synaptic plasticity.
like p55, LIN-7, and InaD all contain PDZ domains and
associate with the target proteins glycophorin C, theIntroduction
LET-23 receptor tyrosine kinase, and TRP Ca21 chan-
nels, respectively, via their C-terminal tail sequencesSynapses are highly organized to facilitate the transmis-
(reviewed by Saras and Heldin, 1996). In addition, PDZsion of signals from the presynaptic terminal to the post-
domains can also associate with other PDZ domains,synaptic membrane and to activate subsequent signal
exemplified in the interaction between the PDZ domaintransduction cascades that lead to appropriate cellular
of nitric oxide synthase and the PDZ domain of PSD-
events. The precise organization of synaptic proteins
95 and PSD-93 (Brenman et al., 1996a). The other do-
such as neurotransmitter receptors, cytoskeletal pro-
mains of the PSD-95/SAP90 family also appear to be
teins, and signal transduction enzymes is essential for
involved in protein±protein interactions. The guanylate
proper synaptic function (Sheng, 1996; Ehlers et al.,
kinase domain of the PSD-95/SAP90 family does not
1996). The PSD-95/SAP90 family of proteins hasrecently
have any enzymatic activity; however, it specifically
been found to play critical roles in the molecular organi-
binds to a novel protein, GKAP/SAPAP, which is found
zation of synapses in the mammalian central nervous at excitatory synapses (Kim et al., 1997; Takeuchi et
system (CNS) (Sheng, 1996; Ehlers et al., 1996). This
al., 1997). Although SH3 domains are well-characterized
family of proteins includes PSD-95/SAP90 (Cho et al.,
protein±protein interaction motifs, no binding partners
1992; Kistner et al., 1993), SAP97/hdlg (Lue et al., 1994;
for the PSD-95/SAP90 SH3 domains have been de-
Muller et al., 1995), PSD-93/chapsyn-110 (Brenman et scribed. These results suggest that the PSD-95/SAP90
al., 1996b; Kim et al., 1996), and SAP102 (Lau et al., 1996; family members serve as adaptor proteins to form large
Muller et al., 1996). PSD-95/SAP90 was first isolated synaptic macromolecular complexes that help to orga-
due to its enrichment in the postsynaptic density (PSD) nize synaptic structure. Recent genetic studies in Dro-
fraction from brain (Cho et al., 1992; Kistner et al., 1993) sophila have shown that DLG isessential for thesynaptic
and was found to be homologous to the Drosophila clustering of Shaker-type K1 channels (Tejedor et al., 1997)
Discs-Large (DLG) tumor suppressor protein (Woods and the cell adhesion molecule Fasciclin II (Thomas et
and Bryant, 1991). Members of the PSD-95/SAP90 fam- al., 1997; Zito et al., 1997) at the neuromuscular junction.
ily are specifically localized at synapses and can be In this study, we have cloned and characterized a
found both pre- and postsynaptically. In particular, PSD- novel Ras-GTPase activating protein (RasGAP) (Bo-
95/SAP90, PSD-93/chapsyn-110, and SAP102 are en- kock and Der, 1993; Marshall, 1996), SynGAP (Synaptic
riched in the PSD of asymmetric type 1 synapses (Cho GTPase Activating Protein), that interacts with the PDZ
et al., 1992; Muller et al., 1996; Hunt et al., 1996; Kim et domains of PSD-95/SAP90 and SAP102 via its C-ter-
al., 1996). The PSD is a dense cytoskeletal matrix found minal amino acids. SynGAP is a brain-specific protein
of about 130 kDa that is associated in a large complex
with PSD-95/SAP90, SAP102, and the NMDA receptor*To whom correspondence should be addressed.
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Figure 1. Structure of SynGAP
(A) Amino acid sequence of SynGAP. SynGAP
is a 1135 amino acid protein that contains a
RasGAP domain (bold) and several regulatory
domains. Consensus serine and tyrosine
phosphorylation sites are underlined.
(B) In addition to the RasGAP domain (GAP),
the structure of SynGAP includes a domain
that shares a partial homology to PH domains
(PH) followed by a C2 domain (C2). The
C-terminal four amino acids (QTRV) required
for binding to PDZ domains are indicated.
(C) Alignment of the RasGAP domain of
SynGAP with Rattus norvegicus (rn) RasGAP
(L13151) and Homo sapiens neurofibromin
(hs NF1, M38107). Identical residues are in
bold type. The residues that participate in ca-
talysis (*) and in the interaction with Ras (1)
are indicated.
in brain. Immunocytochemical studies show that SynGAP contains several interesting functional domains (Figure
1B). The N-terminal half of the protein contains a regionis highly enriched at excitatory synapses and colocalizes
with PSD-95/SAP90, SAP102, and the NMDA receptor. that is loosely homologous to PH (pleckstrin homology)
domains, a C2 domain that may be involved in the bind-The GTPase activating domain shares significant homol-
ogy with other RasGAPs and has RasGAP activity. These ing of Ca21 and phospholipid, and a RasGAP domain.
The C-terminal half contains a repeat of 10 histidinesresults suggest that the PSD-95/SAP90 family, through
SynGAP, may play a role in the regulation of synaptic that may be involved in metal chelation, severalpotential
serine and tyrosine phosphorylation sites, and a T/SXVRas signal transduction cascades.
motif (QTRV) required for the interaction with SAP102
and PSD-95 (see below). The amino acid sequence alsoResults
predicts that it is a cytosolic protein that has no apparent
transmembrane region and no signal peptide. The align-Molecular Characterization of SynGAP
To identify novel proteins that interact with the PDZ ment of the GAP domain of SynGAP with other RasGAPs
(Figure 1C) indicates that the amino acids critical for thedomains of the PSD-95/SAP90 family of proteins we
used the third PDZ domain of SAP102 to screen a yeast interaction of RasGAPs with Ras and the stimulation of
Ras-GTPase activity are conserved (Scheffzek et al.,two-hybrid hippocampal cDNA library (Fields and Song,
1989; Dong et al., 1997). Screening two million clones 1997). Because of its RasGAP domain and selective
localization at excitatory synapses (see below), we haveled to the isolation of a single clone with an open reading
frame of 168 amino acids. Successive screening of a named this protein SynGAP.
The interaction of SynGAP with the PDZ domains oflZAP hippocampal cDNA library yielded several full-
length cDNAs with insert sizes of z7 kb. The full-length PSD-95/SAP90 and SAP102 was further studied in the
yeast two-hybrid system. As shown in Table 1, SynGAPcDNAs had several in-frame stop codons upstream of
the start methionine and a open reading frame encoding interacts with all of the PDZ domains of PSD-95/SAP90.
Deletion analysis of SynGAP's C terminus revealed that1135 amino acids with a calculated molecular weight
of 124.7 kDa (Figure 1A). Analysis of the amino acid the C-terminal TRV is critical for binding of SynGAP to
the PDZ domains (Table 1). In addition, the last valinesequence of the protein indicates that it is novel and
Identification of SynGAP, a Synaptic RasGAP
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Table 1. PDZ Domain Interaction with the Carboxy-Tail Motif,
-QTRV, of SynGAP
(-QTRV*) (-QTR*) (-Q*)
HIS3 b-Gal HIS3 b-Gal HIS3 b-Gal
SAP102
PDZ 3 1 1 2 2 2 2
PSD-95
PDZ 1 1 1
PDZ 2 1 1
PDZ 3 1 1
residue is essential for interaction, as has been shown
with other ligands for the PSD-95/SAP90 family of pro-
teins.
Brain-Specific Expression of SynGAP
mRNA and Protein
Northern blotting with theSalI/NotI fragment of the yeast
clone revealed an mRNA of z7 kb that was detected only
in brain and was expressed predominantly in cortex,
hippocampus, and olfactory bulb (Figure 2A). In addi-
tion, a less abundant mRNA of z9 kb was observed in
these same tissues. To characterize the SynGAP pro-
tein, an anti-SynGAP antibody was generated against
its last C-terminal 20 amino acids (Figure 2B). The anti-
SynGAP C-terminal antibody specifically recognized a
130 kDa SynGAP protein when it was expressed in HEK
293 cells. In brain, the anti-SynGAP antibody recognized
a doublet or triplet of proteins at 130 kDa (Figure 2B).
Preabsorption of the anti-SynGAP antibody with the
peptide immunogen completely eliminated the recogni-
tion of the 130 kDa protein, confirming the specificity
of the antibody. The origin of the triplet in brain is not
clear, but preliminary results suggest there are at least
two more forms of SynGAP due to alternativive splic-
Figure 2. Distribution of SynGAP mRNA and Proteining of the 59 end of the SynGAP gene. Using the anti-
(A) Northern blot of SynGAP mRNA shows a high level of SynGAPSynGAP antibody, the expression of SynGAP indifferent
mRNA expression in brain.tissues was examined. As with the Northern blot data,
(B) Antibodies were generated against SynGAP and used to identifySynGAP protein was found to be expressed exclusively SynGAP in rat tissues using immunoblot techniques. These antibod-
in brain with high levels in cortex and hippocampus and ies recognized a 130 kDa protein in HEK293T cells transfected with
relatively low levels in cerebellum (Figure 2C). SynGAP the SynGAP cDNA (Lane 2) and in rat brain homogenates (Lane 3).
The 130 kDa protein was not detected in mock transfected HEK293Twas found to be selectively localized to membrane frac-
cells (lane 1), and immunorecognition of the 130 kDa protein intions. Similar to other proteins associated with the PSD
brain was blocked by preabsorption of the antibody with the antigensuch as PSD-95/SAP90, SAP102, and the NMDA recep-
(Lane 4).tor (Cho et al., 1992; Lau et al., 1996; Kim et al., 1997),
(C) Immunoblots of rat tissues with the SynGAP antibody demon-
SynGAP was resistant to solubilization by nondenatur- strates that the expression of the SynGAP protein is brain specific.
ing detergents such as Triton X-100, CHAPS, and RIPA (D) Immunoblots of rat brain cortex crude homogenates (cortex)
and cytosolic and membrane fractions demonstrate that SynGAP(Figure 2D). However, as has been described for the
is membrane associated. Cortical membranes were extracted withNMDA receptor, SynGAP could be partially solubilized
the indicated detergents and then seperated into soluble (S) and(50%±70%) using 1% deoxycholate at pH 9 (Luo et al.,
pellet (P) fractions, and the distribution of SynGAP was detected1997).
using immounoblot techniques. SynGAP is resistant to membrane
extraction with most nondenaturing detergents similar to other pro-
SynGAP Associates with PSD-95 teins located in the PSD fraction.
and SAP102 In Vivo
To examine whether SynGAP is associated with PSD-
95/SAP90 and SAP102 in vivo, the interaction of SynGAP NR1 subunit of the NMDA receptor, SynGAP was also
found to be associated with NMDA receptors (Figurewith these proteins was examined in brain. As shown
in Figure 3A, immunoprecipitation of PSD-95/SAP90 or 3A). Preabsorption of the SAP102 and NR1 antibodies
with their antigens blocked the coimmunoprecipitationSAP102 from deoxycholate-solubilized brain membrane
preparations resulted in the specific coimmunoprecipi- of SynGAP, confirming the specificity of the association.
In contrast, SynGAP did not coimmunoprecipitate withtation of SynGAP. Moreover, using antibodies to the
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GTPase activity of Ras (Boguski and McCormick, 1993).
We therefore generated a glutathione S-transferase
(GST) fusion protein of the RasGAP domain of SynGAP
and incubated it with a purified H-Ras GST fusion protein
in the presence of [g-32P]GTP. GST±Ras fusion proteins
exhibit a low intrinsic GTPase activity in the absence of
a RasGAP (Figure 6). In contrast, addition of the GST
fusion protein of the GAP domain of SynGAP dramati-
cally stimulated the GTPase activity of Ras (Figure 6).
This experiment was repeated three times with similar
results. Control GST±backbone protein (Figure 6) or a
GST±SAP102 fusion protein (data not shown) had no
effect on Ras-GTPase activity.
Discussion
Figure 3. SynGAP Is Associated with the NMDA Receptor Complex In this paper, we have described the isolation of SynGAP,
Brain membranes were solubilized with deoxycholate and the re- a novel synaptic RasGAP that directly interacts with
sulting detergent extract (input) was used to immunoprecipitate the
the PSD-95/SAP90 family of proteins. SynGAP is highlyindicated proteins (IP). The immunoprecipitates were then analyzed
expressed in brain, is not detected in other tissues, andfor the presence of (A) SynGAP and GluR1 and (B) NR1 and PSD-
is especially abundant in the cortex, hippocampus, and95 by immunoblot techniques as indicated (IB).
olfactory bulb. Interestingly, SynGAP is found exclu-
sively at excitatory synapses in hippocampal neuronsthe AMPA receptor GluR1 subunit. Immunoprecipitation
in culture. Chen and Kennedy (1997, Soc. Neurosci.,of SynGAP also specifically coimmunoprecipitated the
abstract) have recently identified a similar 130 kDa pro-NR1 subunit and PSD95 (Figure 3B). These results strongly
tein containing a Ras-GTPase activating domain as asuggest that SynGAP is associated with an NMDA re-
major component of the PSD. The SynGAP protein isceptor complex containingNMDA receptor subunits and
tightly associated with synaptic membranes and existsPSD-95/SAP90 family members.
as two or more alternate forms. Due to its synaptic
localization and association with the PSD, it is uniquelySynGAP at Excitatory Synapses
positioned to regulate signal transduction events thatThe subcellular distribution of SynGAP in neurons was
may involve Ras signaling pathways at excitatory syn-examined in low density hippocampal cultures using the
apses.anti-SynGAP antibody. SynGAP was expressed in the
SynGAP has a highly organized and interesting do-cell body of neurons but the pattern of immunoreactivity
main structure that is likely to be involved in the regula-was strikingly punctate along the processes of the neu-
tion of its GAP activity. In addition to the RasGAP do-rons, suggesting that SynGAP may be localized to syn-
main, the N terminus contains a region that is partiallyapses (Figure 4A). Double labeling the hippocampal neu-
homologous to pleckstrin homology (PH) domains, arons with antibodies against SynGAP and the synaptic
phospholipid-binding module of z100 amino acids thatmarker protein synaptophysin demonstrated that SynGAP
binds polyphosphatidylinositides and that is thought tois specifically localized to synapses (Figure 4B). The
serve as a signal-dependent membrane adaptor (Shaw,staining of the neurons with the SynGAP antibody was
1996). The N-terminal region also contains a C2 domain,blocked by preabsorption of the antibody with the anti-
which has been shown to be involved in the binding ofgenic peptide, confirming the specificity of the antibody
Ca21 in a phospholipid-dependent manner in protein(Figure 4C). Since SynGAP associates with PSD-95 and
kinase C, synaptotagmin, and rabphilin-3A (Nishizuka,SAP102 in vivo, we examined the colocalization of the
1988; Perin et al., 1991; Luo and Weinstein, 1993; Yama-PSD-95/SAP90 family members with SynGAP. SynGAP
guchi et al., 1993). C2 domains have also been found inwas indeed colocalized with PSD-95 (Figure 5A), provid-
other RasGAPs, such as human p120GAP and GAP1IP4BPing additional evidence that SynGAP is associated with
(Cullen et al., 1995). The presence of these two domainsPSD-95. To determine whether SynGAP is localized to
is very intriguing and suggests that SynGAP may re-both excitatory and inhibitory synapses, neurons were
spond to changes in Ca21 and phospholipid seconddouble labeled with SynGAP antibodies and antibodies
messengers. The association of SynGAP with the NMDAagainst the NR1 subunit of the NMDA receptor to label
receptor complex suggests that SynGAP may specifi-excitatory synapses or anti-glutamic acid decarboxyl-
cally respond to changes in Ca21 mediated by activationase (GAD) antibodies to label inhibitory synapses. As
of NMDA receptors. The C-terminal half of SynGAP alsoshown in Figure 5B, SynGAP colocalized with NMDA
contains potential regulatory domains, including manyreceptors and was present at all excitatory synapses.
consensus phosphorylation sites for CaMKII and pro-In contrast, SynGAP was not observed at GABAergic
tein tyrosine kinases. CaMKII is very abundant in thesynapses (Figure 5C).
postsynaptic density and has been implicated as hav-
ing a key role in the modulation of synaptic plasticitySynGAP has RasGAP Activity
(reviewed by Nicoll and Malenka, 1995). In addition,The homology of SynGAP with the GAP domain of
RasGAPs suggests that SynGAP may regulate the SynGAP has 10 consecutive histidine residues that may
Identification of SynGAP, a Synaptic RasGAP
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Figure 4. SynGAP Is Synaptically Localized
(A) Low density hippocampal cultures were
stainedwith the SynGAP antibody and visual-
ized with a rhodamine-coupled secondary
antibody. SynGAP is present in the cell soma
and is clustered on the neuronal processes.
(B) Double labeling of the hippocampal cul-
tures with antibodies against SynGAP and the
synaptic marker synaptophysin demonstrates
that SynGAP is synaptically localized.
(C) The staining of the hippocampal neurons
with the SynGAP antibody is specifically
blocked by preincubation of the antibodywith
the antigen. The right panel shows that the
double labeling with anti-synaptophysin anti-
body is not blocked by the SynGAP antigen.
bind divalent transition metals such as Zn21 and Cu21 the hippocampus, and antibodies to TrkB have been
and play some role in the regulation of SynGAP function. reported to impair LTP (Kang and Schuman, 1995, 1996;
The in vivo association of SynGAP with the NMDA Figurov et al., 1996). The molecular mechanisms under-
receptor complex and PSD-95 and SAP102 suggests lying the effects of BDNF on excitatory synaptic trans-
that SynGAP plays a specific role in the modulation of mission are not known but almost certainly involve the
Ras signaling at excitatory synapses. Ras proteins are activation of Ras pathways. The specific localization of
small G proteins involved in the regulation of many im- SynGAP to excitatory synapses suggests that SynGAP
portantsignal transduction processes that affect cellular may play a critical role in the regulation of BDNF signal-
growth and differentiation. The role of Ras signaling in ing in the postsynaptic membrane.
neuronal survival, differentiation, and plasticity has been SynGAP may also regulate Ras signaling in response
extensively studied (Finkbeiner and Greenberg, 1996). to Ca21. Membrane depolarization and NMDA receptor
Ras signaling is essential for the activation of the mito- activation leading to changes in intracellular Ca21 levels
gen-activated protein (MAP) kinase cascade by growth have been shown to activate MAP kinase, most likely
factors such as the neurotrophins and by intracellular through the activation of Ras (Rosen et al., 1994; Seger
Ca21 (Finkbeiner and Greenberg, 1996). Recent studies and Krebs, 1995; Finkbeiner and Greenberg, 1996).
have suggested that certain neurotrophins such as brain-
SynGAP, with its Ca21-binding C2 domain, may play a
derived neurotrophic factor (BDNF) and neurotrophin-3
role in the modulation of Ras activity in response to
(NT-3) are involved in synaptic plasticity (Kang and
changes in synaptic Ca21 levels.Schuman, 1995, 1996; Figurov et al., 1996). In the hippo-
Interestingly, a recent report has implicated Ras sig-campus, these neurotrophins and their receptors, TrkB
naling in the modulation of synaptic transmission andand TrkC, are highly expressed, and neuronal activity
long-term memory (Brambilla et al., 1997). Genetic dele-can regulate their level of expression (Zafra et al., 1990;
tion of thegene for a neuron-specific Ras guanine nucle-Isackson et al., 1991; Patterson et al., 1992; Gwag and
otide exchange factor, Ras-GRF/CDC25Mm, disruptsSpringer, 1993). In addition, disruption of the BDNF gene
LTP in the basolateral amygdala of the mutant mice andin mice results in a significant impairment in hippocam-
also impairs memory consolidation. SynGAP modulationpal LTP. Moreover, the mutant phenotype of these mice
of Ras activity, similar to the Ras-GRF, may contributecan be rescued by reexpression or exogenous applica-
to the regulation of synaptic plasticity at excitatory syn-tion of BDNF (Korte et al., 1995, 1996; Patterson et al.,
apses. The identification of SynGAP as a PSD-95±1996). Perfusion of BDNF and NT-3 has also been re-
ported to potentiate excitatory synaptic transmission in associated protein provides the first evidence that the
Neuron
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Figure 5. SynGAP Is Specifically Localized at Excitatory Synapses
(A) Double labeling of hippocampal neurons with antibodies against SynGAP and PSD-95 demonstrates that SynGAP and PSD-95 are
colocalized in the neurons.
(B) SynGAP exists exclusively at excitatory synapses as shown by the colocalization of SynGAP with the NR1 subunit of the NMDA receptor.
(C) To exclude the possibility that SynGAP is found at inhibitory synapses, the hippocampal neurons were double labeled with the antibodies
to SynGAP and the GABAergic synaptic marker GAD. GAD staining does not overlap with the expression pattern of SynGAP.
for b-galactosidase activity (Breeden and Nasmyth, 1985). For clon-PSD-95/SAP90 family forms a complex with signal trans-
ing of the full length of SynGAP, successive rounds of phage libraryduction molecules involved in the Ras pathway and sug-
screening were performed with rat hippocampal lZAP cDNA librar-gest that Ras plays specific roles in the regulation of
ies (dT-primed and random-primed).
excitatory synaptic transmission at the postsynaptic
membrane.
Yeast Interaction Studies
The yeast two-hybrid system was used to check for interaction of
Experimental Procedures the C-terminal tail of SynGAP with the various PDZ domains of
SAP102 and PSD-95/SAP90. The PDZ domains of PSD-95/SAP90
Identification and Cloning of SynGAP and SAP102 were amplified by PCR and subcloned into the yeast
The yeast two-hybrid system was utilized to find protein(s) that vector, pPC86. PDZ domain 1 of PSD-95 covers the amino acids
interact with the third PDZ domain of SAP102. The third PDZ domain from 40±160; PDZ domain 2, 156±248; and PDZ domain 3, 298±403.
(amino acids 367±452) was generated by PCR using a pair of oligo- The original yeast clone with the intact C-terminal tail of SynGAP
nucleotides with restriction digestion sites for SalI and BglII (sense, (968±1135) was subcloned into pPC97 and was used to check for
59-ACGCGTCGACCAGAGAGCCCCGCAAG-39; antisense, 59-GAAG interaction with the various PDZ domains. The requirement of the
ATCTAGGTCTATACTGGGCCAC-39) and was subcloned into the C-terminal T/SXV motif was investigated by subcloning PCR-gener-
pPC97 yeast vector containing the GAL4 DNA-binding domain ated deletion mutants of SynGAP (894±1134 for -QTR* and 894±1132
(Chevray and Nathans, 1992). The bait plasmid was then trans- for -Q*). The yeast vectors are transformed into Y190 and scored
formed into Y190 yeast cells (Durfee et al., 1993; Staudinger et al., by growth without leucine, tryptophan, and histidine in 100 mM
1995), and a two-hybrid screening was performed using a random- 3-aminotriazole and filter assay for b-galactosidase activity.
primed cDNA library from rat hippocampus subcloned into the SalI/
NotI site of the pPC86 vector containing the GAL4 transcription
activation domain (Brakeman et al., 1997; Dong et al., 1997). Positive RNA Preparation and Northern Blot Analysis
Total RNA from various tissues of male Sprague-Dawley rat at P14clones were selected on plates lacking leucine, tryptophan, and
histidine with 50 mM 3-aminotriazole and confirmed by filter assay was isolated with RNAzol (Tel-Test) according to the manufacturer's
Identification of SynGAP, a Synaptic RasGAP
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Brain Membrane Preparation and Solubilization
Membrane preparations (P2) and solubilization were carried out
according to the procedures described by Luo et al. (1997) with
modifications. Cortex and hippocampus from a male Sprague-Daw-
ley rat, 4±6 weeks old, were homogenized twice using a glass-
teflon homogenizer with protease inhibitors (antipain, chymotrypsin,
leupeptin, Trasylol, 0.1 mM PMSF). After determining the protein
concentration of the P2 fraction by a Coomasie assay (Pierce), ali-
quots of the proteins at 3 mg/ml were stored at 2808C until use.
For coimmunoprecipitation, P2 (300 mg per immunoprecipitation)
was solubilized by 1.0% sodium deoxycholate followed by 0.1%
Triton X-100, and the preparation was centrifuged for 10 min at
100,000 3 g (Luo et al., 1997). The supernatant was then used for
coimmunoprecipitation.
For detergent extraction of SynGAP, synaptic plasma membranes
were prepared and solubilized using various detergents, SDS, Triton
X-100, CHAPS, and RIPA, according to the procedure described by
Lau et al. (1996).
Coimmunoprepitation and Immunoblotting
About 1±2 mg of the affinity-purified antibodies were preincubated
Figure 6. The GAP Domain of SynGAP Stimulates H-Ras GTPase with 50 ml of 1:1 slurry of protein A±Sepharose for 1 hr, and the
Activity
protein A±antibody complex was spun down at 2000 rpm for 2 min.
Time course of the GTPase activity of the GST H-Ras fusion protein The clarified supernatant of solubilized P2 fraction was then added
in the presence and absence of the GAPdomain of SynGAP. Incuba- to the sepharose beads and the mixture incubated for 2±3 hr at 48C.
tion of a GST±Ras fusion protein with a control GST fusion protein The mixture was washed once with 1% Triton X-100 in immunopre-
(diamonds) had little effect on the slow intrinsic GTPase activity of cipitation buffer (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4,
GST±Ras. In contrast, addition of the GST fusion protein containing 1.4 mM KH2PO4, 5 mM EDTA, 5 mM EGTA, 1 mM sodium vanadate,
the GAP domain of SynGAP dramatically stimulated the GTPase 10 mM sodium pyrophosphate, 50 mM NaF, 20 U/ml Trasylol, and
activity of GST±Ras (squares). 0.1 mM phenylmethylsulfonyl fluoride), twice with 1% Triton X-100
in immunoprecipitation buffer plus 300 mM NaCl, and three times
with immunoprecipitation buffer. The proteins were eluted by Laem-
mli sample buffer (Laemmli, 1970) and were separated by SDS-protocol. The RNA(10 mg per lane) was separated on 1.2% formalde-
PAGE. The gel was transferred to a polyvinylidine difluoride (PVDF,hyde agarose gel, transferred onto GeneScreen Plus membrane
Millipore) membrane and the membrane was blocked and immu-(Du Pont NEN), and then hybridized with an [a-32P]dCTP SalI/NotI
noblotted as described by Lau et al. (1996). When the antibodiesfragment of the original yeast clone. The result was visualized using
were blocked with antigens, they were preincubated with the pep-a phosphorimager cassette. The blot was stripped and rehybridized
tide at a concentration of 100 mg/ml or fusion proteins at a concen-with radioactively labeled GAPDH (HindIII/BamHI fragment) DNA to
tration of 50 mg/ml. The antibodies used in the experiments haveensure equal loading of RNA per lane.
been previously described: anti-NR1a C-terminal antibody (Tingley
et al., 1993), anti-GluR1 C-terminalantibody (Blackstone et al., 1992),Fusion Protein Construction and Preparation
anti-NR2B C-terminal antibody (Lau and Huganir, 1995), and anti±The first 119 amino acids of SAP102 were amplified by PCR and
PSD-95 antibody (a gift from Dr. J. S. Trimmer).subcloned in-frame into pTrcHisB vector (Invitrogen) via the BamHI
and EcoRI restriction digest sites. The construct was then trans-
Immunocytochemistryformed into BL21 bacteria, and following an induction of expression
Low density hippocampal neuronal culture was performed followingwith isopropyl-b-D-thiogalactopyranoside (IPTG), the protein was
the procedure described by Goslin and Banker (1991). After 13±20purified in a denaturingcondition according to the protocol provided
days in culture, the neurons were fixed and stained with affinity-by the QIA-expressionist (Qiagen). The GAP domain (266±521) sub-
purified antibodies as previously described with minor modificationscloned into pGEX-4T2 and a GST±Ras fusion protein (gift from Dr.
(Lau and Huganir, 1995; Rao and Craig, 1997; O'Brien et al., 1997).Paul Worley) were expressed in BL21 cells and purified using gluta-
thione-coupled agarose. All of the above proteins were analyzed by
GAP AssaySDS-PAGE followed by Coomassie blue staining.
The GAP assay was performed following the methods described
by Settleman et al. (1992) with modifications. Briefly, 0.5±1 mM ofGeneration and Purification of SynGAP
GST±Ras was incubated with 20 nM [g-32P]GTP (6000 Ci/mmol, Duand SAP102 Antibodies
Pont-NEN) in 50 mM Tris (pH 7.5), 50 mM NaCl,1 mM EDTA, 1 mg/mlThe last 20 amino acids of SynGAP (KRLLDAQRGSFPPWVQQTRV)
BSA, and 1 mM dithiothreitol (DTT) for 10 min at room temperature.were synthesized and purified. The protocol for generation and puri-
GST±GAP or control GST fusion protein (200 ng) was then addedfication of polyclonal antibody was described by Blackstone et al.
in 50 mM Tris (pH 7.5), 5 mM MgCl2, and 1 mM DTT and incubated(1992). Briefly, the peptide was cross-linked to thyroglobulin with
for the indicated times. After stopping the reaction (by adding fiveglutaraldehyde and injected into New Zealand white rabbits to gen-
volumes of ice-cold 50 mM Tris (pH 7.5), 5 mM MgCl2, and 1 mMerate antiserum (Covance). The antiserum was then purified with
DTT), the mixture was filtered through hemagglutinin (HA) mem-Affi-Gel 10 resin (Bio-Rad) coupled to bovine serum albumin (BSA)
branes (Millipore) and the filters were counted for 32P in scintillationcovalently bound to the peptides (Lau et al., 1996). The N-terminal
cocktail.SAP102 fusion protein with hexahistidine tag was immunized simi-
larly to generate a polyclonal rabbit antibody, and the antiserum
was purified using the antigen coupled to Affi-Gel 10. Acknowledgments
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